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We use electronic transport and atom-probe tomography to study ZnO∶Al=SiO2=Si Schottky diodes on
lightly doped n- and p-type Si. We vary the carrier concentration in the ZnO∶Al films by 2 orders of
magnitude, but the Schottky barrier height remains nearly constant. Atom-probe tomography shows that
Al segregates to the interface, so that the ZnO∶Al at the junction is likely to be metallic even when the bulk
of the ZnO∶Al film is semiconducting. We hypothesize that the observed Fermi-level pinning is connected
to the insulator-metal transition in doped ZnO. This implies that tuning the band alignment at oxide/Si
interfaces may be achieved by controlling the transition between localized and extended states in the oxide,
thereby changing the orbital hybridization across the interface.
DOI: 10.1103/PhysRevApplied.6.034016
I. INTRODUCTION
The electron energy band alignment at the interface
between oxides and Si is critical for several technologies.
Examples include the development of alternative gate
dielectrics for continued field-effect transistor scaling,
and the development of carrier-selective contacts with wide
band gaps for Si heterojunction solar cells [1–4]. All such
applications would benefit from controlling the band offset
at the oxide/Si interface. Here, we consider what happens
when the oxide is electrically conductive. For the interface
between conventional metals and Si the band alignment is
weakly dependent on the metal work function [5]. Schottky
barrier-height measurements show that the Fermi energy
(EF) at the interface is usually fixed (or “pinned”) in the
lower half of the Si band gap. We ask two related questions:
Will replacement of the metal by an oxide that can be tuned
across an insulator-metal transition shed light on the
phenomenon of Fermi-level pinning? Will it allow greater
control over the band alignment?
Many theoretical concepts have been proposed to explain
Schottky barrier-height pinning [6–11]. Semiconductor
band bending is well understood, and the long-range
(100 nm or more) electrostatics of Schottky barriers are
rarely in question. The proliferation of theoretical concepts
stems from an uncertainty over the short-range electrostatics
and the origin of dipoles that shift the Fermi level.
Explanations for these dipoles include the charging of
surface states, the spontaneous formation of charged point
defects, the existence of metallic secondary phases at the
interface, the formation of polar bonds across the interface,
and charge transfer due to orbital hybridization across the
interface. This last concept includes metal-induced gap
states (MIGS) in the semiconductor, but has been shown
to be more general [6–11]. Despite decades of study,
probably the most general statement that can be made about
Schottky barriers is that theories must be continuously
reevaluated in the light of material-specific details [6].
We use electronic transport measurements to determine
the band alignment at ZnO∶Al=SiO2=Si Schottky diodes
for a range of carrier concentrations in the ZnO∶Al (AZO)
film, and we use atom-probe tomography (APT) to measure
the atomic composition at the interface. Our results suggest
that the pinning of EF in the lower half of the Si band gap at
the interface is connected to the insulator-metal transition
in ZnO. This lends experimental support to the concept of
orbital hybridization and MIGS, wherein extended elec-
tronic states in the metal hybridize with the semiconductor,
leading to a net transfer of charge and an interface dipole
[6,10,12]. We hypothesize that the band alignment could be
tuned by controlling the transition between localized and
extended states in the oxide, thereby changing the orbital
hybridization across the interface. Experimental control
over this process is inhibited by chemical segregation, and
this compositional heterogeneity presents an obstacle to
device engineering.
AZO offers a large synthesis-properties-performance
parameter space, and key properties such as work function,
carrier concentration, mobility, and optical band gap can
be controlled by the film-synthesis conditions [13]. The
work function of AZO and other ZnO-based transparent
conductors has been reported to vary from 4.2 to 5.1 eV*rjaramil@mit.edu
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[13–15]. This could be naively interpreted as meaning that
the Schottky barrier height (Φ) at an AZO-semiconductor
junction could be tuned by 0.9 eV. However, most reported
work-function measurements were performed on the
exposed surface of AZO films. Moreover, Schottky barrier
heights at metal-Si heterojunctions are only weakly de-
pendent on the metal work function. Schottky barriers
depend on interface-specific dipoles, and therefore we
expect that the work function of exposed surfaces of
AZO films will not be directly relevant to the
AZO=SiO2=Si Schottky barrier height.
II. DESCRIPTION OF EXPERIMENT
We synthesize AZO=SiO2=Si Schottky diodes by reac-
tive sputtering of AZO films on Si wafers. We deposit on
both n- and p-type Si substrates with carrier concentrations
of ð4.1 1.5Þ × 1015 cm−3 and ð2.2 0.5Þ × 1015 cm−3,
respectively, as measured by Mott-Schottky capacitance
profiling. Before AZO deposition the substrates are pre-
pared by forming a thin controlled SiO2 layer, in order to
avoid uncontrolled SiO2 formation during the AZO sput-
tering process. The SiO2 layer is 15 2 Å thick as
measured by ellipsometry. We simultaneously deposit
witness films on glass slides and on oxidized Si wafers
for measurements of electrical resistivity, Hall resistivity,
optical spectroscopy, and x-ray diffraction.
We control the AZO film properties by changing
the oxygen gas flow into the growth chamber. We use
the transparent conductor figure of merit as a metric to
define the oxygen content in the films [14]. Oxygen-
poor films are conductive but not transparent, and
oxygen-rich films are transparent but not conductive. The
oxygen content is measured as a percentage of oxygen
flow relative to the optimal film, and we write this relative
oxygen content as RO2 . Hall measurements show that the
free-electron concentration at room temperature varies
from ð8.2 0.3Þ × 1020 cm−3 for oxygen-poor films to
ð1.14 0.05Þ × 1019 cm−3 for oxygen-rich films. For sam-
ples that are nonuniform in the out-of-plane direction, the
Hall data should be analyzed using a model including
multiple conduction channels. Since this would result in the
model parameters being underdetermined, we use a single-
channel model instead. As discussed below, we suggest that
in the immediate vicinity of the substrate the carrier
concentration of the film is enhanced. In this case, analyzing
the Hall data in terms of a single channel will overestimate
the free-electron concentration in the film farther from the
interface. The overestimate is likely to be small for most of
the samples discussed here [16].
The critical free carrier concentration for the insulator-
metal transition between localized and extended electronic
states for ZnO is in the range of ð5–8Þ × 1019 cm−3,
meaning that our study includes semiconducting and
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FIG. 1. Measuring Schottky
barrier heights. We show JðV; TÞ
data and activation energyplots for
two AZO compositions, oxygen
poor (RO2 ¼ −16%, left half) and
oxygen rich (RO2 ¼ 27%, right
half). (a), (e) and (b), (f) Data for
samples on p-type and n-type Si,
respectively. The measurement T
is represented by the line color
according to the color bar in (f).
[(a) and (e), insets] The diode
ideality factors for p-type (purple)
and n-type (black) samples. (c),
(g) Data at room T measured over
a wider bias range. (d), (h) The
saturation current density (JS)
shownas an activation energyplot.
The slope of these lines yields the
barrier height.
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metallic samples [31]. This is confirmed by temperature-
dependent measurements of the resistance (R) that show
d lnðRÞ=dT ≥ 0 for oxygen-poor and optimal samples, and
d lnðRÞ=dT < 0 for oxygen-rich samples [16]. The RðTÞ
data suggest that the insulator-metal transition occurs in the
range 0 < RO2 < 15%, somewhat lower than the transition
range suggested by Hall measurements. This is consistent
with the overestimation of the free-electron concentration
by using a single conduction channel model to analyze the
Hall data.
We determine Φ by measuring current-voltage [JðVÞ]
curves as a function of temperature (T), and analyzing the
reverse saturation current density [JSðTÞ]. In Fig. 1 we
show representative JðVÞ data and analysis for 2 of the 26
samples in this study. Each JðVÞ curve is used to determine
the saturation current density (JS) at that particular temper-
ature. JS can be determined by fitting the data to a diode
model; because our samples show low current leakage due
to shunt resistance, and JS can also be determined by the
unprocessed JðVÞ at reverse bias. Either approach leads
to quantitatively consistent results for Φ. The ideality
factor (n) determined by fitting our data to a single diode
model depends on temperature and varies between 1.5 and
4 for all samples reported here. This large and temperature-
dependent ideality factor is consistent with metal-
insulator-semiconductor junctions with polycrystalline
thin films, as opposed to intimate, epitaxial, metal-
semiconductor junctions [6]. In Figs. 1(d) and 1(h) we
show JS=T2 plotted as a function of T−1. This is an
activation energy plot, and the slope determines Φ [5].
The fact that the activation energy plots are straight lines
over many decades of JS=T2 justifies the use of the theory
of thermionic emission to model the data.
We use APT to provide three-dimensional chemical-
composition analysis of the interface with atomic resolu-
tion. The APT samples are prepared from the same
Schottky diodes that are used for electrical measurements.
Please see the Supplemental Material for full details [16].
III. RESULTS
We find that Φ is independent of AZO film properties
for both n- and p-type diodes. We plot the AZO carrier
concentration in Fig. 2(a) and the measured barrier heights
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FIG. 2. AZO film properties and Schottky barrier heights on
n- and p-type Si. (a) Resistivity (left axis, black curve) and
conduction electron concentration (right axis, red curve) for AZO
films as a function of relative oxygen content RO2 (see text). The
yellow bar indicates the electron concentration corresponding to
the insulator-metal transition in ZnO [31]. (b) Schottky barrier
height for AZO=SiO2=Si diodes on both n-type (black points)
and p-type (purple points) Si. The sum of barrier heights
Φn þ Φp is shown in light blue.
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FIG. 3. We compare the difference ðΦp − ΦnÞ=2 found here to
that reported in the literature for metals and ZnO, and to predictions
of barrier heights based on charge neutrality level (CNL) and
electron affinity rules of band alignment [5,32–35]. See Supple-
mental Material for details including the work function of ZnO and
treatment of results in Ref. [35] [16].
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in Fig. 2(b). EF is consistently found at Φp ¼ 0.37
0.03 eV above the valence band edge (EV) for p-type
diodes, and Φn ¼ 0.53 0.02 eV below the conduction
band edge (EC) for n-type diodes. Here and throughout, Φp
and Φn are the barrier heights measured on p- and n-type
diodes, respectively. These values underestimate the actual
Schottky barrier heights. This is clear from the sum
Φp þ Φn ¼ 0.90 0.05 eV, which is lower than the Si
band gap (ESig ¼ 1.1 eV). There are two reasons for this.
First, our samples are metal-insulator-semiconductor
(M-I-S) diodes and our analysis does not account for
image-charge lowering or for the voltage across the SiO2
layer [5]. Second, most Schottky diodes are spatially
nonuniform, and measurements of J0 are disproportion-
ately affected by regions of low Φ [6]. If we assume that Φ
is lowered equally for n- and p-type diodes, then EF is
0.47 eV above EV for p-type samples, and 0.63 eV below
EC for n-type samples.
In Fig. 3 we compare our estimate ðΦp − ΦnÞ=2 ¼
−0.084 eV to the expectations for Fermi-level pinning at
the charge neutrality level (CNL), for an idealized Schottky
junction (electron affinity alignment), and to previously
published results on metal/Si and ZnO/Si diodes [5,32–35].
With the exception of Ca, AZO/Si, and metal/Si diodes
all exhibit Φn > Φp, meaning that the Fermi level at the
interface is in the lower half of the Si band gap. We also
show the value expected for an idealized ZnO/Si diode, for
which Φp and Φn are determined by the work function of
ZnO (taken here as 4.5 eV) [16]. In this case the order is
reversed, Φn < Φp. There are several published reports of
ZnO/Si diodes for which barrier-height measurements
were made on both n- and p-type substrates, and these
results are reproduced in Fig. 3. The ZnO/Si diode results
cover both Φn > Φp and Φn < Φp. The band alignment for
undopedZnOcloselymatches the prediction for an idealized
Schottky junction [33]. Evidently, the band alignment
between ZnO and Si can be tuned by doping. We hypoth-
esize that the mechanism that creates a dipole at the AZO/Si
interface is not present at the ZnO/Si interface, and that this
mechanism is connected to the electrical conductivity of
AZO. However, the carrier concentration and conductivity
vary widely across our sample set, which includes samples
on the semiconducting side of the insulator-metal transition,
and yet the Fermi level remains fixed.
Band offsets are affected by dipoles that are confined to
the interface. To understand our device results we use APT
to study the composition of our interfaces with atomic
resolution. In Fig. 4 we show two-dimensional contour
lines of the three-dimensional Al concentration data. The
overall Al concentration decreases with increasing oxygen
content, as expected from point-defect thermodynamics
[36]. There is a significant segregation of Al to the
FIG. 4. Al segregation at the AZO=SiO2=Si interface observed by APT. (Left) 2D contour plot of the Al concentration (at. %) for the
oxygen-poor (RO2 ¼ −24.5%) AZO layer on n-type Si substrate. The 2D projection from the entire tip volume contour plots is
generated by sampling the 3D grid in the z direction with a distance between the sampling planes equal to 1 nm. (Right) 2D contour plots
of the Al concentration for all six samples measured by APT. The dashed black line corresponds to the defined interface (5 at. % Si). 3D
reconstruction artifacts such as curvature effects are caused by the difference in evaporation field needed to field evaporate the different
elements present at the junction and the resulting change in the image compression factor. Also, notice the interface line being tilted, this
is the result of sample preparation wherein the tip is deposited slightly offset from its vertical position. The measured Al concentrations
are systematically inflated because the oxygen content cannot be accurately measured [16].
R. JARAMILLO et al. PHYS. REV. APPLIED 6, 034016 (2016)
034016-4
AZO=SiO2=Si interface for all samples, as also observed
by Bikowski et al. [37]. This suggests that at the interface
the AZO is always highly doped, even for films that are
semiconducting in the bulk.
The APT data can be reduced to one dimension through
the use of a proximity histogram (“proxigram”) by averag-
ing over planes perpendicular to the interface, which
reduces distortions caused by curvature artifacts in the
reconstruction. The interface is defined as the depth at
which Si reaches 5 at. % [16]. The measured Al concen-
trations are systematically inflated because the oxygen
content cannot be accurately measured (because O22þ and
O1þ are indistinguishable). As a result, the measured
ðZnþ AlÞ∶O ratios are nearly 2∶1 throughout the AZO
films [16]. As a correction, we scale the metal concen-
trations such that the ratio ðZnþ AlÞ∶O is 1∶1 in the midst
of the AZO layer. We plot the resulting Al composition
profiles in Fig. 5(a).
Conduction electrons (e0 in Kröger-Vink notation) in
AZO come from ionized donors Al·Zn. The corresponding
Brouwer approximation is that ½Al·Zn ¼ ½e0. Our AZO
films are all n type, and AlZn is the donor with the lowest
formation energy in both the oxygen-poor and oxygen-rich
limits [36]. Therefore, we assume that the same Brouwer
approximation applies for our full sample set. It is likely
that Al exists in forms other than Al·Zn in our films, and the
distribution of Al in its different forms would be sample
dependent (due to dependencies on oxygen content).
Therefore, we assume a simple relationship between the
concentration of ionized donors and the total Al concen-
tration through a film-dependent factor f: ½Al·Zn ¼ f½Al.
Hall measurements give ½e0 typical of the through thick-
ness of the film, and APT data give us [Al] far from the
interface. Thereby, we determine f for each sample, and
use it to calculate ½Al·Zn through the interface. We plot the
results in Fig. 5(b). For the semiconducting oxygen-rich
film, the apparent concentration of ionized donors at the
interface is sufficiently high as to cross the insulator-metal
transition, leading to metallic conduction at the interface.
The assumption that the factor f is constant for a given
sample overlooks the fact that the ionized fraction
½Al·Zn=½Al could change with the local environment,
and therefore the curves in Fig. 5(b) should be considered
upper bounds on the local carrier concentration.
IV. DISCUSSION AND CONCLUSION
The APT data suggest that, at the interface, all of our
films are on the metallic side of the insulator-metal
transition, and that this is responsible for pinning the
Fermi level. The exact composition at the interface varies
from film to film, and yet the barrier heights remain nearly
constant within the experimental error. There are small
trends in the Φp and Φn data for AZO=SiO2=Si diodes that
indicate some tuning of the barrier height (Fig. 2), but these
trends are overwhelmed by the change in band alignment
on going from ZnO to AZO as seen by comparing our
results to those of Refs. [33–35] (Fig. 3). It seems that the
proximity of a highly doped ZnO layer to the Si is sufficient
to pin the Fermi level in the lower half of the Si band gap.
Device transport results show that the band alignment of
ZnO/Si diodes can be changed by doping, and atom-probe
results suggest that the AZO films are metallic at the
interface, even for films that are semiconducting on
average. Since our samples are M-I-S structures, there is
no intimate contact between the metal (AZO) and the Si.
The intrinsic layer is thin enough to allow electron
tunneling between AZO and Si. These results suggest that
the interface dipole is related to hybridization between
extended, metal-derived states and the semiconductor. This
is conceptually similar to the MIGS model, although we
emphasize that detailed calculations are necessary to
determine whether the energy of the resulting charge-
transfer states lies in the semiconductor band gap [6].
Microscopic experimental evidence for MIGS contrib-
uting to the interface dipole has been shown for an intimate
Fe/GaAs interface [12]. On the other hand, a layer of NiO
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FIG. 5. Al concentration across the AZO=SiO2=Si interface,
generated using a proxigram normal to an interface defined as 5
at. % Si. n-type samples are shown with solid lines, p-type
samples are shown with dashed lines. Black, oxygen poor
(RO2 ¼ −24.5%). Orange, optimal (RO2 ¼ 0%). Blue, oxygen
rich (RO2 ¼ 26.7%). (a) Al at. %. (b) Al concentration scaled by
the Hall data measured on witness AZO films. The yellow bar
indicates the free-electron concentration at the insulator-metal
transition. The segregation of Al suggests that the concentration
of ionized donors Al·Zn at the interface is always on the metallic
side of the insulator-metal transition.
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26 Å thick can reduce the interface dipole at metal/NiO/Si
Schottky junctions; this is significantly thicker than the
SiO2 layer used here [4]. Taken together with our data,
these results call for further study of the role of a thin
intrinsic layer in modifying orbital hybridization, MIGS,
and Fermi-level pinning in M-I-S Schottky diodes.
We suggest that the Schottky barrier height on Si could
be modified by fine control of the carrier concentration at
an insulator-metal transition, thereby affecting the density
of extended electronic states. Such fine control is inhibited
in AZO by the segregation of Al to the interface. Therefore,
achieving a tunable barrier height in ZnO/Si junctions may
depend on suppressing the mechanism that causes defect
segregation at the interface. Theory predicts that Al dopants
in ZnO are thermodynamically likely to segregate to grain
boundaries and the surfaces of small crystals, but the
applicability of these results to a buried interface between
different materials is unclear [38,39]. Kinetic and/or
electrostatic control of the interface during AZO growth
may enable the desired control of defect segregation and
thereby the insulator-metal transition.
APT measures composition but does not uniquely
determine the phases present at the interface. The concen-
tration of Al at the interface exceeds the solid solubility
limit of 2% Al/Zn (equal to ½Al ¼ 8.3 × 1020 cm−3),
making more likely the presence of Al-rich secondary
phases. We don’t think that a metal alloy such as Al∶Si
would form, because the proximity to SiO2 and the
oxidizing growth environment mean that Al-rich oxides
are strongly favored thermodynamically over Al-rich non-
oxides. This makes it unlikely that the AZO=SiO2=Si
Schottky barrier heights here are fixed by the work function
of metallic Al, as in the so-called effective work-function
model for Schottky barriers on III–V semiconductors [8].
The presence of insulating Al2O3 or ZnAl2O4 as secondary
phases at the SiO2=AZO interface has been confirmed by a
combination of transmission electron microscopy and
transmission electron microscopy [37]. It is hypothesized
that the low vapor pressures of Al, Al2O3, and ZnAl2O4
relative to Zn may be responsible for preferential deposition
of Al-rich oxides during the early stages of film growth.
This is a separate mechanism proposed to explain excess Al
at the interface, in addition to the thermodynamic driving
forces described by theory [37–39]. The presence of Al-
rich oxides at the interface could affect the measured J0,
Φn, and Φp. A continuous Al2O3 or ZnAl2O4 film in
between SiO2 and AZO would increase the thickness of the
intrinsic layer in our M-I-S devices, which would lower
both Φn and Φp. In particular, this could be responsible
for some of the observed sample-to-sample variation in
Φn þ Φp. Discontinuous patches of Al2O3 or ZnAl2O4 in
between SiO2 and AZO could lower J0 without affecting
the T-dependent diode analysis. In this case, the metallic
interface layer would not be laterally uniform, and con-
duction through the film could be affected by percolation.
In summary, we show that the Fermi level is pinned in
the lower half of the Si band gap at AZO=SiO2=Si Schottky
diodes, and we suggest that this is connected to the
insulator-metal transition in AZO. Control of the diode
is inhibited by the segregation of Al to the interface. We
suggest that the ZnO/Si barrier height could be tuned by
engineering point-defect distributions in order to continu-
ously tune the insulator-metal transition at the interface.
Doing so will require kinetic and/or electrostatic control of
the interface during AZO growth to overcome the thermo-
dynamic driving force for segregation. We emphasize the
need to combine device transport with appropriate micros-
copy to better understand electronic heterojunctions. It
would be particularly interesting to use high-resolution
transmission electron microscopy combined with electron-
energy-loss spectroscopy to measure the bulk plasmon
energy, and thereby the free carrier concentration at the
interface.
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